Introduction
Genome instability and changes in chromosome morphology are components of two related processes: ageing and development of malignancies (1) (2) (3) . Both processes are characterized by stochastic damage affecting biological macromolecules, those impairing DNA integrity being crucial for cancer development (4) . The occurrence of genetic instability is mostly observed as karyotype alterations, showing translocations, deletions or losses of entire chromosomes resulting in aneuploidy (5) . It has been well documented that risk of cancer increases dramatically with age. However, McMurray and Gottschling (6) reported that mechanisms of induction of genomic instabilities inducing those events are different and independent. Therefore, abnormalities in chromosome morphology observed in elderly people do not necessarily indicate neoplastic transformation of cells bearing them (7) . However, conversely to cancer, ageing is not a clonal but a mosaical process, where cell-to-cell variations become ever more pronounced (8) . Nevertheless, the onset of age-related genome instabilities remains ambiguous. The free radical theory of ageing is most widely promoted (9) . According to it, the endogenous formation of reactive oxygen species (ROS) that induce oxidative damage to DNA would be a driving force for the ageing process. ROS formation may be additionally promoted by defects in mitochondrial function and age-dependant deterioration of other intracellular compartments. Unrepaired or erroneously repaired genome lesions would accumulate over years affecting genome stability, which could be observed as structural chromosome aberrations (4, 10) . Recently, another theory has emerged in which it is suggested that adverse growth signalling may induce DNA replication stress that gives rise to genome damage and impacts ageing (9) . Replication stress could be defined as the slow progress of DNA replication forks or their stalling which is caused, for example, by DNA lesions that block replication forks. Formed ROS are able to transduce replication stress-enhancing growth signals, but they also induce genome damage directly (11) . Conversely to the free radical theory, in this model, ROS posits oxidative genome damage as a secondary determinant of ageing. The age-related increase in chromosomal abnormalities may be further mediated by accumulated mutations in genes coding proteins required for DNA replication and repair and checkpoints and by epigenetic effects on macromolecules and mechanisms responsible for genome maintenance (9) . Nevertheless, it remains unclear whether oxidative damage to DNA impacts ageing without affecting age-related diseases, primarily development of neoplasia. To provide better insight into mutual correlations of genomic events related to ageing, using several cytogenetic techniques, we studied genomic status of an elderly population with no recorded malignancies or any other chronic diseases. In epidemiological studies, it is not likely that genomic integrity in the specific cells of organs that are suspected to be targets for cancer development will be assessed. Instead, peripheral blood lymphocytes of healthy subjects are generally used as surrogate cells in cancer risk evaluation. The basal level of genome damage recorded in lymphocytes is considered to reflect average genomic status of other cell types within the organism (12) (13) (14) . To assess level of 8-oxo-guanine (8-oxo-G) and formamidopyrimidine products of guanine (FAPy-G) which, together with other types of oxidative lesions in DNA may represent a driving force of ageing, we applied the hOGG1-modified comet assay. The standard alkaline comet assay on hydrogen peroxide pretreated leukocytes was performed to additionally evaluate susceptibility towards DNA oxidation. Finally, to evaluate the frequency of structural chromosomal aberrations, translocations and deletions as hallmarks of both ageing and cancer, we applied standard chromosomal aberration analysis and fluorescence in situ hybridization (FISH) by using whole chromosome painting probes for chromosomes 1, 2 and 4.
Subjects and methods

Study population
Genome damage due to the normal ageing process was evaluated in 31 elderly subjects recruited from the same residential area (16 females and 15 males). Their average age was 69.3 AE 3.7 (range 65-76). The study comprised 31 control subjects selected from the same residential area. Their average age was 38.9 AE 8.8 years (range [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . All participating subjects signed an informed consent form prior to their inclusion in the study and completed questionnaires on their lifestyle, medical history and diet (Table I ). The study was approved by the Ethics committee from Institute for Medical Research and Occupational Health, Zagreb.
Sample collection and lymphocyte cultures For both study groups, blood sampling occurred simultaneously during February 2009. Peripheral blood samples were collected by venipuncture into heparinized vacutainers (Beckton Dickinson, Oxford, UK). Samples were coded and kept on ice during transportation to the laboratory for processing.
Whole venous blood cultures were established within 3 h after collection in Chromosome Kit P (EuroClone, Siziano, Italy) and cultivated at 37°C. Forty-eight hours after initiation, cultures were harvested for standard chromosomal aberration analyses, while for FISH, they were harvested after 72 h of incubation. Three hours prior to harvesting, 1.25 Â 10 À6 M colchicine was added. Cultures were centrifuged, resuspended in hypotonic solution [0.075 M KCl (Sigma-Aldrich, Munich, Germany)] and fixed in acetic acid:methanol 1:3 (v/v) (15) .
Chromosomal aberrations and translocations analysis
Fixed lymphocyte suspensions were dropped on microscopic slides, air-dried and stained with 5% Giemsa (Sigma-Aldrich). For each individual, 200 metaphases on each replicate slide were scored, recording the number of chromatid and chromosome breaks, acentric fragments and dicentric chromosomes by using Â100 magnification objective and Â10 magnification ocular. A cell bearing any type of these aberrations was considered aberrant (15) .
To determine the translocation rate, month old metaphase spreads were hybridized with AquariusÒ directly labelled chromosome 1, 2 and 4 painting probes (Cytocell Technologies Ltd, Cambridge, UK) according to the manufacturer's recommendations. Slides were scored using an Olympus AX70 epifluorescence microscope (Olympus, Tokyo, Japan), Â100/1.3 magnification objective. Further, Â29 magnification was achieved with a CCD camera model ER-3339 (Applied Imaging, Newcastle, UK) and CytoVisionÒ FISH software (Applied Imaging, Dornach, Germany). At least 1000 metaphases per individual were analysed using the software and observed translocations were classified according to the PAINT nomenclature system (16) . Chromosome pairs 1, 2 and 4 represent 22.34% of the DNA content of the human genome in females and 22.70% in males (17) . Furthermore, persistence of translocations involving these chromosomes represents three different levels of their stability due to differences in gene density (18) . Thus, the detected frequency of translocations that these three pairs of chromosomes are involved in representing 37.2% of chromosomal interchanges occurring in the complete genome (19) . The exact extrapolation of translocation frequency observed between chromosomes 1, 2 and 4 to level of total genome is done by the formula of Lucas and Sachs (20) .
Comet assay and antioxidant status Unless specified otherwise, chemicals were purchased from Sigma-Aldrich. To detect primary DNA damage, the alkaline comet assay was performed on the whole-blood samples according to Singh et al. (21) . To detect ratio of 8-oxo-G and FAPy-G as oxidative lesions in DNA that are cleaved by the enzyme (22) , the hOGG1-modified comet assay was performed in accordance with the protocol published by Smith et al. (23) . In the following text, oxidative lesions of DNA detected by the hOGG1-modified comet assay are referred to as hOGG1-sensitive sites. The antioxidant status was estimated according to Humphreys et al. (24) . Comet slides with 0.5% low melting point agaroseembedded blood samples were treated with 0.1 mM H 2 O 2 for 5 min on ice and washed three times in phosphate-buffered saline (PBS) pH 7.4. Treated slides were processed following the standard alkaline comet assay procedure (21) .
After electrophoresis, all comet assay slides, regardless of the modification used, were neutralized with three changes of PBS pH 7.5 and stained with ethidium bromide (20 lg/ml). Slides were analysed under Â250 magnification with an epifluorescence microscope (Zeiss, Oberkochen, Germany) using the Comet Assay IV analysis system (Perceptive Instruments Ltd, Suffolk, UK). The edges of the gel and dead cells were avoided. For each subject, 100 comets were measured on two parallel slides, recording comet tail length and percentage of DNA in comet tail.
In the hOGG1 comet assay, we calculated the level of 8-oxo-G and FAPy-G (oxidative lesions in DNA that are excised by hOGG1 repair enzyme) in leukocytes of each individual as a difference between mean value for comets measured on slides treated with the hOGG1 enzyme and those measured on slides treated with reaction buffer only (23) .
Statistical analysis
Multivariate analysis of variances with Scheffé's post hoc comparison was used to test differences in the frequency of all types of chromosomal aberrations, translocations, tail lengths and intensities for different types of comet assay between elderly and control groups. All confounding factors that were used as covariates are listed in Table I . Multiple regression analysis was done to evaluate the strength of dependence of each measured cytogenetic parameter on gender, age and other lifestyle factors in accordance with data in Table I . Statistical analysis was performed using Statistic 5.5 (StatSoft, Tulsa, OK, USA).
Results
Frequencies of structural chromosomal aberrations in leukocytes of elderly and control subjects are presented in Table II (Table III) was significantly higher in the elderly population [P 5 0.0000, F(1.27) 5 56.71]. Results of the alkaline comet assay (Table IV) The hOGG1-modified comet assay (Table IV) indicated significantly higher proportions of hOGG1-sensitive sites in DNA of elderly subjects. Multiple regression analysis within the group of elderly subjects revealed good correlations between acentric fragments (R 2 5 0.848), translocation frequencies (R 2 5 0.841), hOGG1-modified comet assay (R 2 5 0.810) and confounding 
Vitamins intake 1 year 1-2 years 2-5 years .5 years 2 (22) 19 (3) 10 (6) Table V . Accordingly, genome integrity was significantly affected by alcohol intake, household/garden pesticide use and intake of fresh vegetables, fruit, black/green tea and cured and roasted meat.
Discussion
It has been well documented that reactive oxygen intermediates formed in regular cellular metabolism are the driving force for the ageing process by inducing stochastic damage in macromolecules (4). Induced genome damage may reduce selfrenewal capacity by disabling the replacement of dead cells through cell proliferation. As a consequence, parenchymal cell mass will be reduced and tissue will be functionally impaired, which is a typical feature of ageing. Recent experiments have raised a debate over the theory emphasizing endogenously formed ROS as major driving force of ageing. Although it is well documented that oxidative damage to the genome accumulates with age, experiments diminishing oxidative stress did not always extend the lifespan (25) . Furthermore, silencing cellular mechanisms that mitigate oxidative stress did not unequivocally shorten the lifespan. The present results could partially answer the question raised by Burhans and Weinberger (9) whether oxidative damage to DNA affects normal ageing in the absence of its contribution to agecorrelated diseases, such as cancer.
According to the official data of The Central Bureau of Statistics, the expected average lifespan for the studied population is 73.6 years (men 69.8 and women 77.4). The age-standardized cancer incidence rate at the average age of control population comprised by the study is 321 cases (men 119 and women 202) per 10 5 individuals, while at the age of our elderly population, it increases to 3310 cases (men 2116 and women 1294) per 10 5 individuals (26). It cannot be assumed a priori that the individuals in the study will not develop neoplastic disease or have it diagnosed within several months of the blood sampling. Thus, it has to be presumed that Results are presented regarding gender within study groups. For each subject, .1000 genomic equivalents were analysed. **P , 0.01 versus control. at the time of blood sampling some of the individuals might already be suffering from cancer but that the disease has not been diagnosed yet. Individuals with diagnosed neoplasia are subjected to radiotherapy and/or chemotherapy, which adversely influences background level of genome damage, recorded within the study and may bias the study (27) . Therefore, such a record in medical history is considered as one of the criteria for exclusion from epidemiological studies and subjects with treated disease are generally not included (28, 29) . Our results indicated increased levels of hOGG1-sensitive sites in DNA of elderly subjects (P 5 0.00004) coupled with significantly lower antioxidant status (P 5 0.00083) of their leukocytes (Table IV) . Many other authors deduced a significant decline in antioxidant status combined with raised oxidative damage to intracellular macromolecules (1, 32, 33) . However, opposite results were presented by Humphreys et al. (24) . Reported discrepancies regarding oxidative damage in elderly subjects might be a consequence of significant differences in comprehensive lifestyle factors. High intake of vegetables, fruits or vitamins is not always reported to be beneficial in the reduction of oxidative stress (2, 34, 35) . Of all nutritional habits covered by the questionnaire, none significantly influenced the antioxidant status of elderly subjects. The level of hOGG1-sensitive sites negatively correlated with vitamin intake. Both the antioxidant status and the hOGG1-sensitive sites were significantly affected by X-ray diagnostics (Table V) . It may be suggested that the beneficial effect on antioxidant status that might be achieved through diet was silenced by adverse influence of other lifestyle factors. As suggested by Møller et al. (35) , although fruit and vegetable intake is beneficial by showing many putative diseasepreventive effects, its antioxidant effect is less important than previously expected. According to Campisi (36) significantly higher levels of hOGG1-sensitive sites that we detected in DNA of elderly subjects compared with the younger group of individuals should activate gatekeeper genes and induce senescence of cells through the p53 and/or pRB pathway. This pathway is responsible for arresting division of cells due to DNA damage. If this is the case, the senescence response would induce growth arrest. However, we did not observe any decrease in mitotic activity of lymphocytes after their growth stimulation in vitro suggesting decreased gatekeepers' activity and lack of triggering the p53 pathway of senescence response to damage (36) . This observation could not explain escape of developing malignancies, but it could help in explaining relative vitality and absence of age-related pathology in the studied elderly population. The lack of neoplasms may be explained only by chance that most of the damage occurred out of the protooncogenic regions, as well as restraining high activity of caretaking tumour suppressor genes. FAPy-G and 8-oxo-G, detected by the hOGG1-modified comet assay, arise as the most common oxidative lesions in DNA that are highly mutagenic since they result in frequent GC-AT transversions. Their overrepresentation in the genome of the elderly population may indicate an age-related decay of base excision repair (BER) (37) .
The comet assay detects damage that is not permanent, but of a primary nature, which means that it is likely to be repaired. However, it is known that lesions affecting open chromatin and active genes are preferentially repaired compared with damage located in heterochromatic regions. Site-specific heterogeneity of repair is known for nucleotide excision repair (NER) and to a lesser extent for BER (18) . Of the DNA damage detected by the alkaline comet assay, single-strand breaks, alkylated bases and abasic sites are repaired by BER, while intrastrand cross links, O 6 ethylguanine and bulky DNA adducts are repaired by NER. 8-Hydroxyguanines, formamidopyrimidines and 5-hydroxyuracil as oxidative damage lesions that we detected in the elderly population by the hOGG1-modified comet assay are predominantly repaired by BER (37, 38) reported that transient enzyme-associated DNA breaks that arise during BER, and DNA lesions induced by ROS by acting as topoisomerase II poisons, may be converted to permanent double-strand breaks (DSB). There are three DSB repair pathways and non-homologous end joining (NHEJ) either in its original or non-classic pathway can efficiently mediate formation of translocations that were significantly increased in our elderly population (39) . According to Obe et al. (40) , NHEJ and ectopic homologous recombination may convert *Significant effect on cytogenetic parameter. As a measure of the strength of the effect b intercept was used.
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DSBs via their repair pathways into dicentric chromosomes that we also observed in lymphocytes of elderly subjects, but not in the controls. Consequently, the high level of primary DNA lesions detectable by the alkaline and the hOGG1-modified comet assay may be via a series of error-prone pathways converted to chromosomal aberrations and translocations, representing a potential risk for genome integrity. The higher the rate of primary DNA damage, the higher the risk of translocation formation. In spite of the high translocation yield that we observed in lymphocytes as surrogate cells in cancer risk assessment (Table III, Figure 1) , the elderly subjects were without any records of chronic or neoplastic diseases including lymphoma and lymphoblastoma. An increase in translocation frequency with age was also reported by Vorobtsova et al. (41) . There are two main classes of genes that play important role in prevention of tumour development: tumour suppressor caretakers and gatekeepers (42) . Consequently, if loci bearing caretakers and gatekeepers remain intact throughout the lifespan, genome lesions will accumulate only in heterochromatic chromosome regions that are transcriptionally inactive or less active without being able to induce malignant transformation of cells (10) . This model could explain relatively good health in spite of a significantly increased level of genome damage observed in the studied elderly population. Hence, as previously remarked by McMurray and Gottschling (6), it could be confirmed that age-related mechanisms that infringe chromosome morphology may be different from pathways inducing genome aberrations characterized as hallmarks of cancer development. Consequently, although they are considered as biomarkers of risk of cancer development, chromosomal rearrangements that have accumulated with age might not inevitably indicate triggered neoplastic cell growth. However, to make such conclusion, a prospective study comprising the same individuals should be carried out in 5 years.
Although statistical analysis revealed that the observed frequency of structural chromosomal aberrations in elderly but yet not old subjects is significantly elevated, due to their relatively low absolute numbers the biological significance may be uncertain. An increased level of chromosome instability has been reported in cells of patients suffering from Werner syndrome (WS), also categorized as a chromosome instability syndrome and is characterized by multiple progeroid features. Ariyoshi et al. (43) reported a significantly elevated frequency of complex rearrangements such as variegated translocation mosaicism, clonal structural rearrangements as well as deletions in WS cells (44) . Yu et al. (45) showed that WS is caused by the mutation of the WRN gene, the product of which is involved in DSB repair. In the present study, the number of chromosomal aberrations resulting from DSB in the genome of the elderly population (Table II) may imply insufficient repair ability for DSBs, similar to WS. Although accumulation of DSBs in senescent normal human cells was previously reported by Sedelnikova et al. (46) , the reason for it is still not fully understood. It could be due to the reduced efficacy of NHEJ repair observed in senescent cells (47) , which also increases the rate of chromosomal deletions as observed in the present study (acentric fragments). As already discussed, DSB may be efficiently transduced to complex rearrangements observed both in WS (48) and in cells of subjects involved in the present study. Taken together, these chromosomal alterations might be considered as biomarkers of senesced cells indicating their biological, not calendar age. It remains unclear whether they arise as the result of the process of ageing or they represent the driving force for ageing. However, in contrast to WS, in studied elderly subjects, we did not observe increased dicentric formation, which might indicate an inactivation of different genes involved in DSBs repair in WS and normal ageing pathways. Furthermore, Ariyoshi et al. (43) reported increased levels of ROS and, consequently, oxidative damage to DNA in WS cells. This finding can be compared with the elevated levels of oxidative lesions in DNA measured by the hOGG1-modified comet assay in leukocytes of the elderly population involved in the present study. Furthermore, as suggested by Mutlu-Türkog˘lu et al. (1) , the reduced antioxidant status detected in our study group may diminish DNA repair efficiency.
Carere et al. (49) reported a highly positive correlation between ageing and malsegregation of chromosomes 7, 11, 18 and X. Based on the present results, we can broaden their list with chromosomes 1, 2 and 4. Complex rearrangements involving millions of base pairs seriously affect normal gene expression through changes in gene position and dosage. Thus, by causing perturbation of nuclear architecture, genome rearrangements disrupt normal interactions between genes and controlling elements causing changes in cellular phenotype (8) . It is believed that such a model of gradual molecular change is in keeping with the relatively subtle phenotypic changes that are typical for ageing individuals. The accumulation of genome damage and rearrangements is closely intertwined with the process of ageing, as both its driving force and as a result of ageing. However, it would be interesting to deduce the age at which age-contributing role of chromosomal rearrangements prevails over their passive accumulation. Considering the results of the present study and literature data, longevity may not be attributed to decreased genome damage simply because the high rate of damage was detected in elderly but healthy individuals. Experiencing late age might be considered as the affirmative result of mutual interaction of three factors: genome inheritance, ever improving health care and finally mere luck in terms which part of the genome will be affected by occurring damage. To put these statements to further test, a broader follow-up study establishing a cytogenetic monitoring focused on evaluation of integrity of specific gene loci in the same subjects over a longer period of time should be carried out.
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